We have investigated magnetic field orientation dependences of intraplanar and interplanar magnetoresistivity ͓ ab ͑B , , ͒ and c ͑B , , ͔͒ for Sr 4 Ru 3 O 10 , which exhibits a puzzling coexistence of ferromagnetism and metamagnetism. We find that ab ͑B , ͒ exhibits a remarkable field-dependent ferromagnetic anisotropy below and above the metamagnetic transition field B c while c ͑B , ͒ displays anisotropy from spin polarization only when field is above B c . These observations strongly support that the metamagnetic transition in Sr 4 Ru 3 O 10 is orbital selective. DOI: 10.1103/PhysRevB.81.172402 PACS number͑s͒: 75.75.Ϫc, 72.15.Qm, 68.37.Ef, 72.25.Ba Orbital physics in transition-metal oxides is among the central topics in the physics of strongly correlated electron systems. In these materials the orbital degree of freedom is typically active and has a complex interplay with charge, spin, and lattice degrees of freedom, resulting in a wide range of unique electronic and magnetic properties. Examples include orbital ordering in vanadium oxides, 1,2 orbital ordering and orbital-driven ferroelectricity in manganese oxides, 3,4 orbital ordering and an orbital-selective Mott transition in Ca 2−x Sr x RuO 4 , 5-8 and orbital-dependent superconductivity in Sr 2 RuO 4 . 9, 10 In this Brief Report we will show that the magnetism in Sr 4 Ru 3 O 10 is governed by the orbital degree of freedom and that its metamagnetic transition is orbital selective. To our knowledge this may be the first example of an itinerant metamagnetic transition involving orbital selection.
Orbital physics in transition-metal oxides is among the central topics in the physics of strongly correlated electron systems. In these materials the orbital degree of freedom is typically active and has a complex interplay with charge, spin, and lattice degrees of freedom, resulting in a wide range of unique electronic and magnetic properties. Examples include orbital ordering in vanadium oxides, 1,2 orbital ordering and orbital-driven ferroelectricity in manganese oxides, 3, 4 orbital ordering and an orbital-selective Mott transition in Ca 2−x Sr x RuO 4 , [5] [6] [7] [8] and orbital-dependent superconductivity in Sr 2 RuO 4 . 9, 10 In this Brief Report we will show that the magnetism in Sr 4 Ru 3 O 10 is governed by the orbital degree of freedom and that its metamagnetic transition is orbital selective. To our knowledge this may be the first example of an itinerant metamagnetic transition involving orbital selection.
Sr 4 Ru 3 O 10 is the n = 3 member of the Ruddlesden-Popper series of strontium ruthenates Sr n+1 Ru n O 3n+1 and shows puzzling magnetic properties. For field applied along the c axis it exhibits typical ferromagnetic ͑FM͒ behavior with T c Ϸ 105 K. 11, 12 However, below 50 K, moderate fields applied in the ab plane induce a metamagnetic transition. 11, 12 This metamagnetic transition occurs via a phase separation process [13] [14] [15] and is accompanied by enhanced spin-phonon coupling, 16 an anomaly in specific heat, 17 and an unusual increase in thermopower. 18 How both metamagnetism and ferromagnetism coexist within this material is not yet resolved. To reveal the underlying physics we have investigated magnetic field orientation dependencies of intraplanar and interplanar magnetoresistivity for Sr 4 The crystals used in this study were grown by floatingzone technique 19 and screened by x-ray diffraction and by superconducting quantum interference device magnetization measurements to exclude intergrowth of any other layered phases with different n. Crystal orientation was determined using Laue x-ray diffraction. Our magnetoresistivity measurements were performed in a Quantum Design Physical Property Measurement System ͑PPMS͒, and a He 3 cryostat equipped with a rotating sample stage, utilizing a four-probe technique.
Our previous work revealed three distinct magnetic phases in different magnetic field ranges ͑applied in the ab plane͒, [13] [14] [15] as shown schematically in Fig. 1͑a͒ . LP represents the lowly polarized phase where FM domains are present; this phase occurs below the metamagnetic transition. FFM denotes a forced FM state with a single domain, which occurs above the metamagnetic transition. MIX stands for the mixed phase of LP and FFM through which the metamagnetic transition occurs. We observe three different anisotropies corresponding to these three magnetic phases in the azimuthal angle dependence of in-plane magnetoresistivity ab ͑B , ͒ measured with Ϸ 90°͓see Fig. 1͑c͔͒ . In the LP phase ͑Ͻ2 T͒ we observe twofold symmetry of the form A + D sin 2 ͑͒ ͑where A and D are constants͒, which breaks down as B approaches 2 T. Fitting is shown by the solid line over 1.5 T in Fig. 1͑c͒ . The amplitude of the anisotropy in magnetoresistivity ͓AMR, defined as ͑ max − min ͒ / min ͔ significantly increases with increasing field. In the mixed phase ͑2-3.5 T͒ the anisotropy changes dramatically; we observe a large maxima centered at ͓100͔, where in the LP phase a minima was located. Additionally, a clear local minima with significantly smaller amplitude is superimposed over the large maxima at ͓100͔. Finally, in the FFM phase ͑Ͼ3.5 T͒ we observe a fourfold symmetry with minima at ͓100͔ and ͓010͔, unique from the anisotropy seen in the LP and mixed phases.
These anisotropic properties seen in various magnetic phases are unrelated to the anisotropy which may be caused by the polar angle misalignment with 90°. To verify this we have performed a control experiment. In Fig. 2͑a͒ we present ab ͑B , ͒ data for a second sample which was intentionally misaligned with Ϸ 80°. A remarkable misalignment effect on the anisotropy was only observed in the mixed phase, manifesting as an overt asymmetry of the large peak centered at ͓100͔. This misalignment effect arises from the variation in polar angle during azimuthal rotation and the polar angle dependence of B c ͓see Fig. 2͑b͔͒ . Moreover, we performed systematic measurements of field sweep of ab at various , ab ͑B , ͒. From these measurements the maximum misalignment the sample experiences under azimuthal rotation is estimated to be ⌬ tilt = 2.5°for the sample presented in Fig. 1͑c͒ ͑sample 1͒ and 8°for the sample presented in Fig. 2͑a͒ ͑sample 2͒. For sample 1, the magnitude of anisotropy caused by misalignment is estimated to be Ͻ1% in the LP and FFM phases, and Ͻ1.5% in the mixed phase. They are all far smaller than the observed maximum AMR for these three phases ͑10% for LP, 9% for FFM, and 31% for MIX͒.
The azimuthal angle dependence of normalized interplanar magnetoresistivity, ⌬ c ͑͒ / c ͑0͒ is shown in Fig. 3 . In contrast with the FM anisotropy seen in ab , in the LP phase c anisotropy has a small, weakly field dependent, non-FM anisotropy with fourfold symmetry, where minima are at ͓100͔ and ͓010͔ ͑note: angle range in Fig. 3 is 180°, not 360°a s in Fig. 1͒ , which can be attributable to Fermi-surface ͑FS͒ warping as in Sr 2 RuO 4 ͑Ref. 20͒ ͑the magnitude only increases by 1% with an increase of 1 T, compared to an increase of 8% in ab ͒. In the mixed phase an additional fourfold symmetry develops with minima located along ͓110͔ and ͓110͔, offset 45°from the minima observed in ab in the FFM phase. From the mixed phase to the FFM phase this anisotropy evolves smoothly. This anisotropy can be attributed to spin polarization of the d xz,yz orbitals as discussed below. We have also measured field sweeps of c at various ͓see Fig. 2͑c͔͒ and , respectively, from which the anisotropy due to misalignment is estimated to be Ͻ0.1% in the LP and FFM phases, nearly negligible compared to the observed AMR ͑3% for LP and 20% for FFM͒, and ϳ20% in the mixed phase, which is comparable to the observed AMR ͑ϳ8-20 %͒, giving rise to a clear asymmetry.
The observation of extraordinarily different anisotropic properties in ab and c suggests that the metamagnetism in Sr 4 Ru 3 O 10 is orbital dependent. Below we discuss the origin of each unique type of anisotropy observed. As indicated above, the ab anisotropy in the LP phase has symmetry of the form A + D sin 2 ͑͒ ͓Fig. 1͑c͔͒. This symmetry is consistent with magnetocrystalline anisotropy theoretically predicted and experimentally observed in 3d FM metals or 4d FM metal SrRuO 3 , with spin-orbit coupling. [21] [22] [23] Spin-orbit coupling competes with crystal-field splitting to create preferential spin orientations, causing anisotropy in magnetoresistivity. In the LP phase, FM domain-wall scattering should play a minor role in magnetotransport since typical domainwall scattering dominated transport properties, i.e., negative magnetoresistance, 24 were not observed here ͓see Figs. 2͑b͒ and 2͑c͔͒. The strong field dependence of the magnitude of anisotropy is also consistent with expectations for Ising-type FM anisotropy.
In the mixed phase the presence of FFM domains results in spin scattering between LP and FFM domains. The spin scattering increases initially with the growth of FFM domains, but decreases when FFM domains become large enough so that they can become connected, eventually diminishing as FFM domains form a percolative network. 13 We can attribute the large anisotropy of magnetoresistivity of the mixed phase to field-orientation-dependent spin scattering. When applied field is well below the field for the formation of percolation and oriented along the easy axis ͓100͔ the FFM domains are larger, increasing the spin scattering rate and resistivity, whereas with field along the hard axis, FFM domains are smaller, causing a lesser spin scattering rate and smaller resistivity. The local minima located within the ͓100͔ maxima is due to the presence of LP domains in the mixed phase.
Previous Raman spectroscopy studies revealed that the metamagnetic transition is accompanied by enhanced spinphonon coupling, 16 suggesting the transition involves a change in the lattice degree of freedom. Moreover, thermopower shows an unusual increase across the transition as noted above, which points to a change in the orbital degree of freedom. 18 These implications suggest that the FM anisotropy caused by spin-orbit coupling may change with the metamagnetic transition. The transition from twofold symmetry below B c to fourfold symmetry above B c , indicates that the lattice and orbital degrees of freedom have changed in such a way that spin polarization becomes equivalent between ͓100͔ and ͓010͔, resulting in an anisotropy with a symmetry consistent with the electron density expected for a d xy orbital.
c anisotropy exhibits markedly different symmetry than ab , as described above. In the LP phase the fourfold anisotropy with minima along ͓100͔ and ͓010͔ is non-FM type since it is inconsistent with the twofold anisotropy observed in ab and has a weak field dependence, indicating that c does not exhibit a FM response. Instead this anisotropy can be attributed to Fermi-surface warping, as mentioned above. 20 Above B c in the FFM phase c exhibits an additional fourfold anisotropy with minima along ͓110͔ / ͓110͔, offset by 45°from the ab minima. We have already established that the ab FFM phase anisotropy is consistent with d xy orbital symmetry, so taking into account the 45°offset we can see that this additional c anisotropy is consistent with the symmetry of the d xz,yz orbitals. In light of this symmetry consistency with the d xz,yz and that spin polarization is a requirement for magnetic anisotropy our observation of c anisotropy in the FFM phase suggests that the d xz,yz orbitals are unpolarized below B c and only become FM in nature above the metamagnetic transition. The polarization of the d xz,yz orbitals only above B c is further evidenced in polar angle dependence of c ͑B͒ shown in Fig. 4 This orbital-selective metamagnetic transition scenario is consistent with the early result of high magnetic field measurements on Sr 4 Ru 3 O 10 . 27 That experiment revealed that when magnetic field is rotated out of the plane, the metamagnetic transition bifurcates into two separate transitions. The one occurring at low fields shows behaviors consistent with a FM state. The other which moves to higher field with larger out-of-plane angles, shows characteristics consistent with an itinerant metamagnetic transition. The enhancement of the c minima along ͓100͔ and ͓010͔ above B c ͑Fig. 3͒ should be associated with the change in FS across the transition.
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